Introduction
============

The baculovirus vector system was originally developed for the production of high levels of recombinant proteins and vaccines using insect cell cultures.^[@bib1; @bib2; @bib3]^ However, several studies have shown that baculovirus can infect mammalian cells but is unable to replicate due to transcriptional silencing of most of the baculoviral genes. Baculovirus vectors carrying mammalian regulatory elements, known as bacmams, can efficiently transduce and express transgenes in mammalian cells both *in vitro* and *in vivo.*^[@bib4],[@bib5]^ These properties make baculovirus vectors promising candidates for gene therapy application.

Baculoviruses have several distinct advantages as a gene transfer vector over other nonintegrating viral vectors such as adenovirus and adeno-associated virus (AAV). Baculovirus is nonpathogenic to vertebrates; has a large packaging capacity (up to 38 kb), has a broad host and tissue tropism, infects both dividing and nondividing cells, and does not elicit strong immune and allergic responses in infected hosts.^[@bib6]^ Since baculovirus does not integrate into the genome, there is no significant risk of insertional mutagenesis leading to aberrant transformation. Moreover, baculovirus is easy to propagate in large-scale in serum-free suspension culture.^[@bib7; @bib8; @bib9]^ Therefore, recombinant baculovirus vectors are attractive as novel gene therapy tools for transient and high-level transgene expression.^[@bib5],[@bib7],[@bib8],[@bib10]^

The prototype baculovirus *Autophaga californica* multicapsid nucleopolyhedrovirus (AcMNPV) contains a circular double stranded genome of 134 kb with 154 open reading frames. The virion particle has a rod-shaped nucleocapsid (25 × 260 nm) which is surrounded by envelope glycoproteins.^[@bib11]^

Baculoviruses infect a broad range of cell types including most of the mammalian cell lines, primary cells, adult, and embryonic stem cells.^[@bib12; @bib13; @bib14]^ Several studies have revealed that the central nervous system, liver, eye, ovary, prostate, and testis can serve as targets for baculovirus-mediated gene delivery.^[@bib8],[@bib15]^ Preclinical studies of cancer gene therapy have successfully been conducted in animal models with baculoviral vectors containing therapeutic genes, such as suicide genes, tumor suppressor genes, and genes encoding tumor-specific antigens.^[@bib16],[@bib17]^

When introducing transgenes *in vivo*, it is important that baculovirus particles are pure with minimum levels of producer cell- and culture media-derived impurities to avoid toxicity, inflammation, and an immune response. In addition, purification methods should be scalable so that they can be used for large-scale manufacturing.^[@bib2],[@bib3],[@bib18]^ Chromatography-based virus purification methods yield high purity, are easy to scale-up, and can be conducted using a closed system compatible with current good manufacturing practices. In recent years, various chromatography procedures have been successfully applied to large-scale purification of a variety of viral vectors including AAV, adenovirus, retrovirus, baculovirus, and virus-like particles.^[@bib18; @bib19; @bib20]^

Heparan sulfate has been described as a receptor for attachment of baculovirus particles to mammalian cells.^[@bib21],[@bib22]^ The heparin-binding domains of the baculovirus envelope are responsible for receptor-ligand interaction. Here, we demonstrate that baculovirus vector particles can be purified using scalable heparin affinity column chromatography and can be effectively concentrated by ultracentrifugation without loss of infectivity.

Results
=======

Production of baculovirus
-------------------------

Baculovirus supernatants were produced by transient transfection of bacmid DNA into Sf9 cells in an adherent culture, and transfection efficiency was evaluated using a fluorescence microscope. Two days post-transfection, GFP expression was detected in transfected cells by fluorescence microscopy (data not shown). Since the baculovirus vector is replication competent, GFP expression gradually increased in Sf9 cell population due to infection of new cells with newly produced baculovirus particles secreted into the growth medium. Baculovirus supernatants were harvested 5 days after transfection when almost all of the cells showed GFP expression. This baculovirus stock was designated as passage 1 (P1) stock. The P1 stock was used to infect newly seeded adherent culture of Sf9 cells. About 4--5 days after infection, almost all of the cells showed GFP expression. The supernatant was harvested and was designated as P2 stock, which was subsequently used to infect newly seeded Sf9 cells in suspension in an Erlenmeyer flask. Baculovirus infection in the Sf9 suspension culture was monitored by GFP expression using a flow cytometer ([Figure 1a](#fig1){ref-type="fig"}). As the infection progressed, the percentage of GFP-expressing cells gradually increased. At the end of the infection cycle, most of the cells showed cytotoxicity with an increased cellular diameter, which was a sign of high baculovirus infection. Baculovirus-infected Sf9 cells were also stained with anti-gp64 antibody. More than 98% of the cells expressed baculoviral gp64 envelope glycoprotein as well as GFP ([Figure 1b](#fig1){ref-type="fig"}). Baculovirus cultures were harvested and supernatant was separated from the cells by low-speed centrifugation. This material was designated as P3 stock, which was further expanded in Sf9 cells until the desired volume was obtained. Supernatants were treated with Benzonase nuclease at 50 Units/ml prior to chromatography to reduce viscosity. Treating baculovirus supernatant with Benzonase nuclease did not affect the baculovirus titer (data not shown). Supernatants were passed through a 0.45-micron filter and used in subsequent experiments or stored in the dark at 4 °C in the presence of 0.5% bovine serum albumin (BSA).

Heparin inhibited baculovirus infection
---------------------------------------

Heparan sulfate, which is structurally similar to heparin, has been identified as a receptor for baculovirus.^[@bib21],[@bib22]^ We first tested whether heparin could bind and inhibit baculovirus infection of mammalian cells. Increasing concentrations of heparin from 0.5 µg/ml to 10.0 µg/ml were added to baculovirus supernatants, incubated for 1 hour at room temperature, and added to HT1080 cells at a multiplicity of infection of 1 and 2 in separate experiments. One hour after infection, cells were thoroughly washed with phosphate-buffered saline (PBS) to remove unbound baculovirus and heparin. Cells were subsequently cultured in the presence of growth media for another 2 days and analyzed for infection as shown by the expression of GFP using a flow cytometer. We found that heparin inhibited baculovirus infection in a dose-dependent manner ([Figure 2](#fig2){ref-type="fig"}). More than 90% of baculovirus infection was inhibited with as low as 5 µg/ml heparin. A similar level of inhibition was detected at a multiplicity of infection of 1 ([Figure 2a](#fig2){ref-type="fig"}) and 2 ([Figure 2b](#fig2){ref-type="fig"}). Thus, inhibition of baculovirus infection by heparin confirms our previously published data that baculovirus binds heparan sulfate to enter cells,^[@bib22]^ and suggested that heparin columns could likely be used for purification.

Stability of baculovirus
------------------------

Before designing a purification strategy for baculovirus, we tested the stability of infectious baculovirus particles under various buffer, pH, and salt conditions. First, we tested the effect of three buffers at neutral pH, including 20 mmol/l Tris--HCl (hydroxymethyl aminomethane-hydrochloric acid), 20 mmol/l sodium phosphate, and PBS. All buffers contained 150 mmol/l NaCl and were adjusted to pH 7.0. Baculovirus supernatant was incubated individually in each of the buffers for up to 6 hours and tested for infectivity on HT1080 cells. We found that the stability of baculovirus in all three buffers was similar ([Figure 3a](#fig3){ref-type="fig"}). However, baculovirus infections were significantly reduced with time in all of the buffer systems when compared to the initial infection at 0 hour (*P* ≤ 0.05). Hence, purification of baculovirus needs to be carried out rapidly to retain maximal infectivity postpurification.

Next, we tested baculovirus stability after incubation in sodium phosphate buffers with a pH ranging from 5 to 8 for up to 6 hours at room temperature. Baculovirus was stable in pH from 6.2 to 8.0 without any significant loss of infectivity when compared with a buffer containing neutral pH ([Figure 3b](#fig3){ref-type="fig"}). However, baculovirus significantly became inactivated and lost its ability to infect cells after 6 hours at pH 5.5 and within 2 hours of incubation at pH 5.0 ([Figure 3b](#fig3){ref-type="fig"}). It is known that the major envelope glycoprotein of baculovirus, gp64, binds heparin in a pH-dependent manner, with a stronger binding at pH 6.2 than at 7.4.^[@bib26]^ Therefore, the loading of baculovirus onto the heparin column should preferably be carried out at pH 6.2 while elution can be performed at pH 8.0.

Next, we tested the stability of infectious baculovirus after exposure to an increasing concentration of NaCl, ranging from 150 mmol/l to 1.5 mol/l ([Figure 3c](#fig3){ref-type="fig"}). Our data showed that infectious baculovirus could tolerate exposure to 500 mmol/l NaCl for up to 6 hours without significant loss of infectivity when compared with isotonic buffer. However, baculovirus showed significant infection inactivation in buffer containing 750 mmol/l or more NaCl. The higher the salt concentration in the buffer, the more rapid inactivation of infectivity was observed. Also, the biological inactivation of baculovirus in the presence of high concentration of salt was irreversible. This was tested by reducing the NaCl concentration after exposure (data not shown). Therefore, the time that baculovirus is exposed to high salt containing buffer during purification needs to be limited.

Purification and concentration of baculovirus
---------------------------------------------

Based on the finding that baculovirus infection of HT1080 cells is inhibited by heparin, and the report that baculovirus binds to cell surface heparan sulfate,^[@bib21],[@bib22]^ we tested whether baculovirus could be purified using heparin affinity chromatography. Prior to chromatography, baculovirus supernatants were treated with 50 Units/ml of Benzonase nuclease for 2 hours at room temperature. The supernate was subsequently centrifuged and filtered through a 0.45-micron filter to remove coarse cellular debris and aggregates. Filtered baculovirus supernatants were loaded onto a POROS 50 µm heparin affinity chromatography column. We observed that our 7.9 ml heparin column became gradually saturated during loading with 250--280 ml of supernatant containing baculovirus particles and protein contaminants. This was evident by the presence of infectious baculovirus in the flow-through at the end of the chromatography run (data not shown). The heparin column was washed with sodium phosphate buffer containing 150 mmol/l NaCl (pH 7.0) until the ultraviolet (UV) absorbance curve (280 nm) returned to the baseline and became stabilized, demonstrating removal of unbound material. We did not observe any significant loss of baculovirus particles in the flow-through during washing the column. Initially, the heparin bound baculovirus particles were eluted with buffers containing 150 mmol/l and 1.5 mol/l NaCl (pH 8.0) using gradient elution. Individual chromatography fractions were used to infect HT1080 cells (data not shown). The optimal NaCl concentration for elution was estimated based on the conductivity and highest peak of eluted fraction. After several trial runs, we observed that baculovirus particles could be eluted with 1.5 mol/l of NaCl at pH 8.0. A sharp peak was observed during elution which corresponded to the major baculovirus fraction ([Figure 4](#fig4){ref-type="fig"}). The optimized conditions for sample loading, washing, and elution described here yielded 54--85% recovery of baculovirus (*n* = 5). The eluted fractions were further concentrated \~200- to 700-fold with ultracentrifugation and formulated in PBS containing 0.5% bovine serum albumin which yielded a 26--29% recovery (*n* = 3). [Table 1](#tbl1){ref-type="table"} describes the recovery of purified and concentrated baculovirus samples.

Purity and identity of purified baculovirus
-------------------------------------------

The purity and identity of baculovirus particles were evaluated by silver staining and immunoblotting in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS--PAGE) gels. Concentrated crude baculovirus (left lane), heparin chromatography-purified baculovirus (middle lane), and chromatography flow-through (right lane) showed the protein bands by silver staining ([Figure 5a](#fig5){ref-type="fig"}). The flow-through contained protein bands from cellular debris and proteins of culture medium that did not bind to the column during sample loading. As expected, the purified sample showed some protein contaminants that copurified with viral particles by binding to heparin. The 64 KDa protein band was predicted as the baculoviral gp64 envelope glycoproteins. Immunoblotting analysis with anti-gp64 antibody detected the baculoviral gp64 protein in crude (left lane) and purified (middle lane) samples ([Figure 5b](#fig5){ref-type="fig"}). Although silver staining revealed protein bands in the flow-through sample ([Figure 5a](#fig5){ref-type="fig"}, right lane), immunoblotting could not detect any significant band ([Figure 5b](#fig5){ref-type="fig"}, right lane).

Purified and concentrated baculovirus particles were visualized by transmission electron microscopy which showed rod-shaped baculovirus particles 300--400 nm in length with some aggregates ([Figure 6a](#fig6){ref-type="fig"}). Purified and concentrated baculovirus supernatant was diluted to transduce HT1080 cells. Two days after transduction, GFP expression was detected ([Figure 6b](#fig6){ref-type="fig"}). Together these data demonstrated that heparin-affinity chromatography and ultracentrifugation can be used to effectively capture, purify and concentrate baculovirus vectors without affecting the size and morphology of the baculovirus particles. The data also demonstrated that baculovirus particles were infectious after purification.

Discussion
==========

In this study, we have optimized each of the purification parameters to maximize yield and to prevent inactivation of infectious baculovirus particles ([Figure 7](#fig7){ref-type="fig"}). Wang and colleagues previously tried to purify baculovirus using heparin affinity chromatography. However, in contrast to the 85% recovery obtained here, they only recovered 2% of the baculovirus particles from the heparin column with low-salt elution buffer.^[@bib27]^ Herein, we show that most of the heparin-bound infectious baculovirus particles can be eluted using high salt elution buffer if diluted immediately with PBS to prevent inactivation by hyperosmotic shock.

Concentrating virus with ultracentrifugation without chromatography purification results in precipitation of virus particles, cellular debris, and contaminating cellular proteins,^[@bib28]^ which can be toxic for *in vivo* applications and may contribute to immune and allergic responses. In this study, we have developed a scalable baculovirus purification method using heparin affinity column chromatography that is compatible with large-scale good manufacturing practices production. We subsequently concentrated our baculovirus samples using ultracentrifugation, which is not linearly scalable in a large-scale process. An alternative approach for large-scale production may be the application of tangential flow filtration.^[@bib29],[@bib30]^ Tangential flow filtration not only allows concentration of the product, it simultaneously removes small molecule contaminants during processing of the samples and allows for buffer exchange.

Baculovirus producer cells lyse during baculovirus production due to cytopathic effect of baculovirus infection,^[@bib3]^ which results in cellular genomic DNA and RNA contamination of the supernatants. This, in turn, increases the viscosity of supernatant which interferes with the downstream purification. This was resolved by the addition of Benzonase nuclease prior to purification which digests both DNA and RNA over a wide range of temperatures and pH.^[@bib31]^ We observed that Benzonase nuclease can be safely used in the purification of baculovirus without loss of infectious titer.

Baculovirus particles bud from the producer cells and are known to form aggregates at high titers and at low pH during insect cell culture.^[@bib32]^ Aggregation of baculovirus reduces the titer after purification. pH is a key parameter that affects stability and aggregation of virus particles. In general, acidic pH causes loss of baculovirus infectivity and increases the aggregation of baculovirus particles. Previous studies have shown that poliovirus and reovirus aggregate in clumps of up to several hundred particles when diluted in low pH solution.^[@bib33]^ During purification, we have eluted at pH 8.0, to avoid acidic pH induced aggregation of baculovirus in the down-stream processing.

We also demonstrate that if baculovirus is exposed to high-salt buffer for a prolonged period of time, baculovirus particles are inactivated irreversibly. Hence, elution followed by rapid dilution to near iso-osmolar conditions, as demonstrated here, retains infectivity.

We show that baculovirus particles strongly bind to heparin affinity media based on their affinity for heparan sulfate.^[@bib21]^ This effectively separates viral particles from small cellular debris, which does not bind and ends up in the flow-through during sample loading and during washing with low salt buffer. The baculovirus-heparin interaction appears stable but reversible which requires a high-salt buffer for dissociation, as demonstrated in our study.

POROS heparin can capture a sample at speeds of 1,000--5,000 cm/hour when compared to the 50--360 cm/hour speed needed for conventional heparin medium columns. POROS heparin media have two discreet classes of pores. Large "through pores" allow convection flow to occur through the particles themselves, quickly carrying sample molecules to short "diffusive" pores inside. By reducing the distance over which diffusion needs to occur, the time required for sample molecules to interact with interior binding sites is also reduced, yielding better performance than the other heparin media.^[@bib34],[@bib35]^ We carefully optimized binding conditions and found POROS heparin to be superior in its ability to capture baculovirus particles when compared with Hi-Trap or Capto-Heparin (not shown). The ability to be able to bind baculovirus at higher sample speeds and more effectively with POROS heparin is important to minimize downstream processing time in large-scale manufacturing.

Electron microscopy showed that most of the baculovirus particles had a normal morphology and size despite the exposure to high-salt and strong shear forces during purification. It is unclear whether the low level of aggregation observed after ultracentrifugation is an artifact caused by the pelleting and inadequate resuspension of the pellet, or was simply the result of the high concentration of virus particles. Irrespective, the purified baculovirus particles were infectious and were able to express the transgene in the target cells.

In conclusion, we have developed a novel affinity chromatography method to purify baculovirus particles which selectively bind to immobilized heparin. The baculovirus purification process described here paves the way to develop a scalable method which can be used at industrial scale for production of gene therapy vectors, recombinant proteins, and vaccines.

Materials and Methods
=====================

Cell culture
------------

The *Spodoptera frugiperda*, Sf9 insect cells (Invitrogen, Carlsbad, CA) were cultured in a MaxQ 8000 (Thomas Scientific, Swedesboro, NJ) orbital shaker incubator at 28°C in polycarbonate Erlenmeyer flasks (Corning, Corning, NY) containing serum-free HyClone SFX-insect culture media (HyClone, Logan, UT). The human fibrosarcoma cell line, HT1080 was grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 2 mmol/l GlutaMax, 1 mmol/l sodium pyruvate, 1% nonessential amino acids, and 1% penicillin-streptomycin.^[@bib23],[@bib24]^

Production of baculovirus
-------------------------

Baculovirus donor plasmid (pFBGR) containing green fluorescent protein (GFP)^[@bib25]^ was kindly provided by Robert Kotin (National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD). The GFP expression of this vector is driven by the cytomegalovirus promoter in mammalian cells and by a baculovirus promoter in insect cells. Recombinant baculovirus plasmids (bacmids) were constructed using the Bac-to-Bac Baculovirus Expression System (Invitrogen). This system uses site-specific transposon elements to insert donor vector sequences into AcMNPV-derived bacmid DNA which is maintained in *Escherichia coli* strain DH10Bac (Invitrogen). Recombinant bacmid DNA was purified from a bacterial colony which was grown in Luria-Bertani (LB) broth containing ampicillin, kanamycin, and tetracycline. The Sf9 cells were seeded in a six-well tissue culture-treated dish and allowed to attach for 1 hour at 28ºC. The bacmid DNA was transfected into Sf9 cells using Cellfectin II (Life Technologies, Grand Island, NY) in serum free unsupplemented Grace insect culture media (Invitrogen). Five hours after transfection, cells were washed and cultured with HyClone SFX-insect culture media for 5 days at 28 °C. Baculovirus supernatants were harvested when all of the producer cells were infected and showed cytopathic effects.

Baculovirus was amplified by infecting the Sf9 cells in suspension culture in an orbital shaker incubator at 28 °C in polycarbonate Erlenmeyer flasks containing serum-free HyClone SFX-insect culture media. About 2--3 days after infection, almost all producer cells showed a cytopathic effect, which is an indication of baculovirus production. Baculovirus-containing supernatants were harvested and treated with 50 units/ml Benzonase nuclease (Sigma) to digest the genomic DNA and RNA. Supernatants were filtered and stored with 0.5% bovine serum albumin protected from light at 4ºC for short-term (up to 90 days) or at --80ºC for long-term storage.

Heparin-binding assay
---------------------

Baculovirus supernatants were diluted in 1 ml of DMEM containing 10% FBS. Heparin (Sigma, St. Louis, MO) was added to the diluted virus at 0, 0.5, 1.0, 2.0, 5.0, and 10.0 µg/ml. The heparin-baculovirus reaction mixture was incubated at room temperature for 1 hour and added to HT1080 cells seeded at least 18 hours before infection. After 1 hour, cells were washed thoroughly using PBS to remove unbound baculovirus and heparin. The cells were cultured for another 48 hours and analyzed for baculovirus infection (as indicated by GFP expression) using the LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA).

Stability testing of baculovirus
--------------------------------

Baculovirus was tested for stability in several buffers, including 20 mmol/l Tris--HCl, 150 mmol/l NaCl (pH 7.0), PBS (pH 7.0), and 20 mmol/l sodium phosphate, 150 mmol/l NaCl (pH 7.0). Baculovirus supernatants were diluted in all three buffers individually and incubated for 0, 2, 4, or 6 hours at room temperature. HT1080 cells were infected with the diluted baculovirus supernatants and incubated for 1 hour. Cells were washed thoroughly with PBS to remove unbound baculovirus particles, cultured for another 2 days, and analyzed for baculovirus infection (GFP expression) using a flow cytometer.

The pH stability of baculovirus was tested in 20 mmol/l sodium phosphate buffer containing 150 mmol/l of NaCl. The pH of the sodium phosphate buffer was adjusted to 5.0, 5.5, 6.2, 7.0, 7.5, or 8.0. Baculovirus was diluted in each of the pH adjusted sodium phosphate buffers and incubated for 0, 2, 4, and 6 hours at room temperature. The diluted virus was used to infect HT1080 cells and incubated for 1 hour. Cells were washed thoroughly with PBS, cultured for another 2 days, and analyzed for baculovirus infection as described above.

The stability of baculovirus was also tested in the presence of different concentrations of NaCl. Baculovirus was diluted in 20 mmol/l sodium phosphate (pH 7.0) containing 150, 500 , 750 , 1.0 , or 1.5 mol/l NaCl and incubated for 0, 2, 4, and 6 hours at room temperature. HT1080 cells were exposed to diluted baculovirus, incubated for 1 hour, washed, and analyzed as described above.

Purification and concentration of baculovirus
---------------------------------------------

Baculovirus supernatants were purified using a POROS Heparin 50 µm column (10 × 10 cm, 7.9 ml) (Invitrogen) on an AKTA Avant 150 chromatography system equipped with Unicorn software (GE Healthcare, Pittsburgh, PA). The column was equilibrated with five column volumes (CV) of sodium phosphate buffer (pH 7.0) containing 150 mmol/l NaCl. Baculovirus supernatants were loaded onto the heparin column using the sample pump on the AKTA Avant system at a linear flow rate of 150 cm/hr and a 4 minutes residence time. The column was washed with 10 CV of sodium phosphate buffer (pH 6.2) containing 150 mmol/l NaCl. The column was washed until the ultraviolet (UV) absorbance curve returned to the baseline and stabilized. Baculovirus was eluted from the column in 1.5 mol/l NaCl containing sodium phosphate buffer (pH 8.0). The eluted fraction with the major peak was immediately diluted 10-fold with PBS to prevent inactivation of baculovirus particles. Eluted supernatants were concentrated by an ultracentrifuge at 80,000×*g* for 1.5 hours at 4ºC. Baculovirus pellets were dissolved in PBS (pH 7.0) containing 0.5% bovine serum albumin, and stored at −80°C.

Protein gel electrophoresis, silver staining, and immunoblotting
----------------------------------------------------------------

Baculovirus particles were lysed in Laemmeli sample buffer (Bio-Rad, Hercules, CA) containing protease inhibitor and beta-mercaptoethanol. Samples were heated at 95 ºC for 5 minutes to denature the proteins which were subjected to SDS--PAGE using a precast 12% Mini-PROTEAN TGX stain-free gel (Bio-Rad). Protein bands were visualized by staining the gel with a SilverXpress Silver Staining kit (Invitrogen).

For immunoblotting, gels were electroblotted onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad) in 25 mmol/l Tris, 192 mmol/l glycine, and 20% methanol.^[@bib36],[@bib37]^ The membrane was incubated in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) for one hour at room temperature and was probed with a baculovirus anti-gp64 monoclonal antibody (clone AcV5) (Santa Cruz Biotechnology, Dallas, TX) at 1:1,000 dilution for overnight incubation. The membrane was washed twice for 10 minutes in Tris--buffer saline (TBS), followed by incubation with a secondary antibody, goat antimouse infrared dye 800CW (LI-COR) at a 1:20,000 dilution for 1 hour. After thorough washing with TBS-Tween 20 (1%) and TBS, the immunoblot was visualized with an Odyssey Classic Imager equipped with Image Studio Software (LI-COR).

Transmission electron microscopy
--------------------------------

For negative staining, a 10-μl drop of concentrated baculovirus sample was placed on a Formvar carbon-coated grid. After 30 seconds, most of the sample was removed using filter paper. The grid was rinsed with three drops of distilled water and placed in a 2% phosphotungstate acid solution for 30 seconds. The sample was allowed to dry and analyzed using a Transmission Electron Microscopy (TEM, Hitachi).

Statistical analysis
--------------------

Statistical analysis was done using a two-tailed Student's *t*-test. A *P*-value of ≤ 0.05 was considered statistically significant.
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![Propagation of baculovirus in Sf9 cells. (**a**) Sf9 cells were infected with baculovirus supernatant. The progress of baculovirus infection was monitored by green fluorescent protein (GFP) expression. The values represent the mean ± standard error of the mean (SEM) of triplicate experiments (\**P* ≤ 0.05, as compared to 0 hours of baculovirus infection). (**b**) Baculovirus infected Sf9 cells were stained with anti-gp64 antibody and were analyzed with a flow cytometer.](mtm201671-f1){#fig1}

![Inhibition of baculovirus infection with heparin. Baculovirus was incubated with the indicated concentrations of heparin for 1 hour prior to a 1-hour adsorption of the baculovirus-heparin mixture to HT1080 cells for infection. GFP expression was analyzed 48 hours post-infection using a flow cytometer. (**a**) Baculovirus was used at an multiplicity of infection (MOI) of 1. (**b**) Baculovirus was used at MOI of 2. Each point represents the average percentage decrease in GFP expression. The values represent the mean ± standard error of the mean (SEM) of triplicate experiments (\**P* ≤ 0.05, when compared to 0 µg/ml of heparin).](mtm201671-f2){#fig2}

![Baculovirus stability testing. Baculovirus was incubated in each of the indicated buffers for up to 6 hours and used to infect HT1080 cells. GFP fluorescent expression was analyzed 48 hours post-infection using a flow cytometer. The values represent the mean ± standard error of the mean (SEM) of triplicate experiments (**a**) Baculovirus was incubated in three different buffer systems containing 150 mmol/l NaCl (\**P* ≤ 0.05, when compared to the 0 hour of incubation of baculovirus in the corresponding buffer). (**b**) Baculovirus was incubated in sodium phosphate buffer containing variable pH (\**P* ≤ 0.05, when compared with the incubation of baculovirus in buffer with neutral pH). (**c**) Baculovirus was incubated in sodium phosphate buffer with increasing concentration of NaCl (\**P* ≤ 0.05, when compared to incubation of baculovirus in isotonic buffer, 150 mmol/l NaCl).](mtm201671-f3){#fig3}

![Purification of baculovirus supernatants with heparin affinity chromatography. Baculovirus sample was purified using a POROS heparin column with optimal conditions for sample loading and washing as described. Virus was eluted with 1.5 mol/l NaCl and diluted with phosphate-buffered saline (PBS). Baculovirus infectivity was estimated by infection of HT1080 cells with the diluted fractions of baculovirus. The line with dark diamonds shows the total infectious units (IU) of baculovirus in billions in each fraction.](mtm201671-f4){#fig4}

![Purity and identity of purified baculovirus. Baculovirus particles were evaluated for (**a**) purity by silver staining of sodium dodecyl sulfate (SDS)-- polyacrylamide gel electrophoresis (PAGE) gel, and (**b**) identity by immunoblotting using anti-gp64 antibody specific for baculoviral envelope glycoprotein. Left lane, concentrated crude baculovirus; Middle lane, heparin chromatography-purified baculovirus; and right lane, flow-through of chromatography run.](mtm201671-f5){#fig5}

![Morphology of purified baculovirus and Green flourescence protein (GFP) expression in cells. (**a**) Transmission electron micrograph of purified and concentrated recombinant baculovirus particles. (**b**) Purified baculovirus was transduced into HT1080 cells and GFP expression was detected 2 days after transduction with a fluorescence microscope.](mtm201671-f6){#fig6}

![Flow diagram of baculovirus production and purification. Sf9 producer cells were seeded in cell culture-treated vessels and bacmid DNA was transfected into the cells. Baculovirus supernatants were harvested and transferred to uninfected Sf9 cells in adherent culture, and subsequently propagated in suspension culture. Baculovirus supernatant was treated with Benzonase nuclease, centrifuged, and filtered. Finally, baculovirus was purified by heparin affinity chromatography, diluted with phosphate buffered saline (PBS), and concentrated aseptically by ultracentrifugation. Baculovirus supernatants were stored at −80°C.](mtm201671-f7){#fig7}

###### Estimated recovery of baculovirus samples after purification and concentration

            *Recovery of baculovirus (%)^[a](#t1-fn1){ref-type="fn"}^*                                                                       
  --- ----- ------------------------------------------------------------ --------------------------------- --------------------------------- -------------
  1   150   65.0                                                         ND^[c](#t1-fn3){ref-type="fn"}^   ND^[c](#t1-fn3){ref-type="fn"}^   --
  2   150   77.0                                                         ND^[c](#t1-fn3){ref-type="fn"}^   ND^[c](#t1-fn3){ref-type="fn"}^   --
  3   250   54.2                                                         29.1                              278                               1.2 × 10^9^
  4   280   85.5                                                         25.7                              233                               1.1 × 10^9^
  5   270   84.9                                                         26.1                              675                               4.0 × 10^8^

HT1080 cells were used to estimate the recovery of infectious baculovirus.

IU/ml: Infectious Units per milliliter.

ND, not done.

[^1]: Current address: Raymond G. Perelman Center for Cellular and Molecular Therapeutics, The Children's Hospital of Philadelphia, Pennsylvania, USA
